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Abstract
Diesel engine downsizing is of current interest because of the finite nature of crude
oil reserves and the high efficiency of the diesel cycle. Scaling and downsizing
studies can make substantial contributions to the optimization of small diesel
engine designs but the scaling of heat transfer losses has not been the focus of
recent studies. Radiation heat transfer can represent a significant fraction of the
total in-cylinder heat transfer of the diesel engine and hence, developments in
radiation heat transfer scaling can have an impact on the success of the overall
diesel engine scaling efforts.
The present work contributes new radiation heat transfer data from a small direct
injection diesel engine and investigates the relationship between radiation heat
transfer and engine size. A radiation heat flux probe was developed based on
the optical two-colour method. It was used to measure instantaneous radiation
heat flux and the associated parameters KL and apparent flame temperature for
a 0.21 L direct-injection diesel engine at 4 operating conditions giving indicated
power values between 1.0 and 2.1 kW. A convective heat flux probe was also
developed and used in the same engine for the measurement of instantaneous
convective heat flux at these same operating conditions. In the radiation heat
flux measurements, an approach based on post-run calibration of the probe in its
sooted state was adopted to compensate for the problem of signal attenuation by
probe sooting. In the convection heat flux measurements, the sooting problem on
the thermocouple probe was compensated by deduction of the soot layer thickness
ii
through the tuning of results during compression to match the motoring results
obtained with a soot-free probe.
The radiation heat flux results from the present work are compared with results
from other works which have used engines of a larger scale and the present radia-
tion heat flux data are at the lower end of the overall range. The peak radiation
values obtained in the present work are in the range of 0.14 to 0.38 MW/m2 which
is about half the magnitude obtained with the nearest engine size reported in the
available literature. These results point to the significant influence of the soot
cloud volume in the radiation heat flux losses.
The convective heat flux values obtained in this work are in the same range of
values identified from other published works. However, relative to the existing
literature, the present work has produced the smallest values for the ratio of ra-
diation heat flux to convective heat flux in terms of both peak and time-averaged
values. This result also reflects the significant influence of engine size on radiation
heat flux.
A radiation heat flux scaling analysis was performed based on the time-averaged
and peak radiation heat flux experimental data from the present work and other
published literature. The indicated power per unit piston area, IP/Ap has been
adopted as a scaling parameter. The time-averaged data appears to be linearly
related to IP/Ap while the peak radiation heat flux appears to scale via a power
law relationship with an index of 0.83. The linearity of the time-averaged ra-
diation heat flux scaling implies that the time-averaged radiation heat flux is
strongly influenced by flame size effects while the peak radiation heat flux results
are also influenced by emissions originating from soot particles near the surface
of the flame.
A new empirical radiation model based on available KL data from various sources
including the present work has been developed and implemented in a thermody-
namic engine simulation tool. Results from these simulations support the notion
iii
that both time-averaged and peak radiation heat flux are influenced by flame
scale but that the peak radiation results are more strongly affected by emissions
from soot particles near the flame surface.
Certification of Dissertation
I certify that the ideas, designs and experimental work, results, analyses and
conclusions set out in this dissertation are entirely my own effort, except where
otherwise indicated and acknowledged.
I further certify that the work is original and has not been previously submitted
for assessment in any other course or institution, except where specifically stated.
Mior Azman Meor Said
W0082539
Signature of Candidate
Date
ENDORSEMENT
Signature of Supervisor/s
Date
Acknowledgments
I would like to acknowledge the academic and technical staff of the University
of the Faculty of Engineering Southern Queensland for their contributions to the
work resulting in this dissertation. I would like to especially thank my principal
supervisor Professor David Buttsworth for his guidance, technical assistance and
strategic advice over the duration of my PhD. My Associate supervisor, Assoc
Prof Talal Yusaf contributed grounding advice, especially early in the candida-
ture. I would also like to thank Dr. Ray Malpress for his advice and assistance
in the fabrication of the probes, during engine tests and other lab work. The
University of Queensland’s Centre for Hypersonics are thanked for the use of
their calibrated 1000 W lamp for the absolute calibration work reported herein.
I also wish to thank my family, friends and fellow students who have contributed
directly or indirectly to this work in a variety of ways.
Mior Azman Meor Said
University of Southern Queensland
July 2012
Contents
Abstract i
Acknowledgments v
List of Figures xiii
List of Tables xx
List of Acronyms xxii
Chapter 1 Introduction 1
1.1 Future Prospects for Diesel Engines . . . . . . . . . . . . . . . . . 1
1.2 Small Engines and Scaling Studies . . . . . . . . . . . . . . . . . . 3
1.3 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Dissertation Overview . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4.1 Chapter 2, Literature Review . . . . . . . . . . . . . . . . 6
1.4.2 Chapter 3, Radiation Heat Flux Model . . . . . . . . . . . 7
CONTENTS vii
1.4.3 Chapter 4, Apparatus . . . . . . . . . . . . . . . . . . . . 7
1.4.4 Chapter 5, Results and Discussion: Radiation Heat Flux . 8
1.4.5 Chapter 6, Results and Discussion: Convective Heat Flux . 9
1.4.6 Chapter 7, Results and Discussion: Radiation Heat Trans-
fer Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.7 Chapter 8, Conclusions . . . . . . . . . . . . . . . . . . . . 10
Chapter 2 Literature Review 11
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Radiation Heat Transfer Measurement Methods . . . . . . . . . . 11
2.2.1 Two-Colour Method . . . . . . . . . . . . . . . . . . . . . 12
2.2.1.1 Planck Spectral Radiation Heat Flux . . . . . . . 13
2.2.1.2 Hottel and Broughton Emissivity Model . . . . . 14
2.2.1.3 Kamimoto and Muruyama Emissivity Model . . . 14
2.2.1.4 Two-Colour Method Equations . . . . . . . . . . 16
2.2.1.5 Assumptions of Two-Colour Method . . . . . . . 17
2.2.1.6 Selection of Wavelengths for Two-Colour Method 18
2.2.1.6.1 Minimizing Overlapping Gaseous Emission 18
2.2.1.6.2 Maximizing Signal Sensitivity . . . . . . 18
CONTENTS viii
2.2.1.6.3 Maximizing Optical Hardware Compati-
bility . . . . . . . . . . . . . . . . . . . . 19
2.2.1.6.4 Avoiding Wall Reflections . . . . . . . . 20
2.2.2 Shielded Thermocouple Technique . . . . . . . . . . . . . . 20
2.3 Selected Issues in Radiation Heat Transfer Probe Design . . . . . 21
2.3.1 Soot Deposition on Window . . . . . . . . . . . . . . . . . 21
2.3.2 Field of View . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4 In-cylinder Instantaneous Radiation Heat Transfer . . . . . . . . . 23
2.5 Convective Heat Flux Measurement . . . . . . . . . . . . . . . . . 26
2.5.1 Instantaneous surface heat flux measurements . . . . . . . 27
2.5.1.1 Coaxial Thermocouple . . . . . . . . . . . . . . . 27
2.5.1.2 The Pair Wire Type Thermocouple . . . . . . . . 28
2.5.1.3 The Film Type Thermocouple . . . . . . . . . . . 28
2.5.2 Calculation of Heat Flux from Surface Temperature Data . 29
2.5.2.1 Fourier Analysis . . . . . . . . . . . . . . . . . . 30
2.5.3 Electrical Circuit Analogy . . . . . . . . . . . . . . . . . . 31
2.5.4 Time Domain Numerical Method . . . . . . . . . . . . . . 32
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Chapter 3 Radiation Heat Flux Model 34
CONTENTS ix
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2 Radiation Heat Transfer Correlation . . . . . . . . . . . . . . . . 34
3.2.1 Annand Model . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2.2 Sitkei and Ramanaiah Correlation . . . . . . . . . . . . . . 35
3.2.3 Morel & Keribar Model . . . . . . . . . . . . . . . . . . . 36
3.3 KL Radiation Model . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.3.1 Correlation of KL Values . . . . . . . . . . . . . . . . . . . 40
3.3.2 KL Radiation Model . . . . . . . . . . . . . . . . . . . . . 43
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Chapter 4 Apparatus 47
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Test Engine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.3 Dynamometer and Associated Instrumentation . . . . . . . . . . . 50
4.4 Combustion Pressure and Data Acquisition . . . . . . . . . . . . . 52
4.5 Radiation Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.6 Convection Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.7 Operating and Methods . . . . . . . . . . . . . . . . . . . . . . . 62
4.7.1 Engine Operating Conditions . . . . . . . . . . . . . . . . 62
CONTENTS x
4.7.2 Radiation Heat Flux Measurements . . . . . . . . . . . . . 63
4.7.3 Convective Heat Flux Measurements . . . . . . . . . . . . 64
4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
Chapter 5 Results and Discussion: Radiation Heat Flux 67
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2 Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.3 Radiation Probe Calibration . . . . . . . . . . . . . . . . . . . . . 70
5.3.1 Absolute Calibration . . . . . . . . . . . . . . . . . . . . . 70
5.3.2 Relative Calibration . . . . . . . . . . . . . . . . . . . . . 71
5.3.3 Compensation for Sooting During Experiments . . . . . . 73
5.3.3.1 Integrated Value Calibration Constant Approach 75
5.3.3.2 Peak Value Calibration Constant Approach . . . 79
5.3.3.3 Peak at Constant CA Value Calibration Constant
Approach . . . . . . . . . . . . . . . . . . . . . . 80
5.3.3.4 The Choice of Calibration Constant Approach . . 83
5.4 Apparent Temperatures . . . . . . . . . . . . . . . . . . . . . . . 86
5.5 KL Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.6 Radiation Heat Flux . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
CONTENTS xi
Chapter 6 Results and Discussion: Convective Heat Flux 98
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.2 Impulse Response Processing Technique . . . . . . . . . . . . . . 99
6.3 Deduction of Soot Layer Thickness . . . . . . . . . . . . . . . . . 105
6.4 Convective Heat Flux Results . . . . . . . . . . . . . . . . . . . . 106
6.5 Pressure and Convective Heat Flux . . . . . . . . . . . . . . . . . 107
6.6 Comparison with Radiation . . . . . . . . . . . . . . . . . . . . . 111
6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
Chapter 7 Results and Discussion: Radiation Heat Transfer Scal-
ing 116
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
7.2 Radiation Heat Loss Scaling Theory . . . . . . . . . . . . . . . . . 116
7.3 Data Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.4 Radiation Heat Flux Scaling Correlation . . . . . . . . . . . . . . 121
7.5 Thermodynamic Simulation . . . . . . . . . . . . . . . . . . . . . 125
7.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
7.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
Chapter 8 Conclusions 131
CONTENTS xii
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
8.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.3 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
References 135
Appendix A Tabulated data from various sources 142
List of Figures
2.1 The relationship between 1+ρsa and wavelength [1]. . . . . . . . . 15
2.2 Spectral radiance of blackbody at selected temperatures [2] . . . . 19
2.3 Shielded thermocouple radiation heat flux probe by Jackson et al.
[3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4 Coaxial thermocouple. Figure taken from [4]. . . . . . . . . . . . . 28
3.1 Radiation absorption factor, k at different excess air factor, α as
used for the Sitkei and Ramanaiah correlation [5]. . . . . . . . . 37
3.2 Correlation of average KL normalised by equivalence ratio KLave/φ
with indicated power per unit piston area IP/Ap. In this case,
R2 = 0.64. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Correlation of maximum KL normalised by equivalence ratio KLmax/φ
with indicated power per unit piston area IP/Ap. In this case,
R2 = 0.16. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 Illustration of the assumed crank-resolved KL shape distribution
adopted in the present work. . . . . . . . . . . . . . . . . . . . . . 45
LIST OF FIGURES xiv
4.1 Sketch of the Yanmar piston and head arrangement used in the
experiments showing the location of the valves, injector, and mea-
surement devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.2 Engine dynamometer and associated instrumentation. . . . . . . . 51
4.3 Cross sectional view of the radiation probe which is screwed into
the engine head. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.4 General arrangement of the optical detection apparatus used in
conjunction with the radiation probe. . . . . . . . . . . . . . . . . 54
4.5 General arrangement of each of the photodetectors. . . . . . . . . 54
4.6 Arrangement of the field of view experiment. . . . . . . . . . . . . 57
4.7 Results from the field of view experiment. . . . . . . . . . . . . . 58
4.8 Cross sectional view of the radiation probe which is screwed into
the engine head. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.9 Details of the thermocouple with soot layer. . . . . . . . . . . . . 61
5.1 Pressure results for all four operating conditions during the 10th
data acquisition period. . . . . . . . . . . . . . . . . . . . . . . . . 69
5.2 Combustion induced pressure rise results for all four operating con-
ditions during the 10th data acquisition period. . . . . . . . . . . 69
5.3 Illustration showing probe calibration arrangments. The 100 W
lamp was used the relative calibration work, and the 1000 W lamp
was used for the absolute calibration. . . . . . . . . . . . . . . . . 71
LIST OF FIGURES xv
5.4 Detector voltage output (700 nm case) as a function of crank angle
for condition 4. Period 1 corresponds to data obtained from 0 to
10 s after the start of the engine testing, and period 10 corresponds
to data obtained from 630 to 640 s, with the other periods evenly
distributed between them. . . . . . . . . . . . . . . . . . . . . . . 74
5.5 Spectral emissive power based on an integrated value calibration
as a function of crank angle at the filter wavelength of 700 nm for
condition 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.6 Calibration constants using integrated voltage values as a function
of time for condition 1. . . . . . . . . . . . . . . . . . . . . . . . . 77
5.7 Calibration constants using integrated voltage values as a function
of time for condition 2. . . . . . . . . . . . . . . . . . . . . . . . . 77
5.8 Calibration constants using integrated voltage values as a function
of time for condition 3. . . . . . . . . . . . . . . . . . . . . . . . . 78
5.9 Calibration constants using integrated voltage values as a function
of time for condition 4. . . . . . . . . . . . . . . . . . . . . . . . . 78
5.10 Spectral emissive power based on a peak value calibration as a
function of crank angle at the filter wavelength of 700 nm for con-
dition 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.11 Calibration constants using peak voltage values as a function of
time for condition 1. . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.12 Calibration constants using peak voltage values as a function of
time for condition 2. . . . . . . . . . . . . . . . . . . . . . . . . . 81
5.13 Calibration constants using peak voltage values as a function of
time for condition 3. . . . . . . . . . . . . . . . . . . . . . . . . . 82
LIST OF FIGURES xvi
5.14 Calibration constants using peak voltage values as a function of
time for condition 4. . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.15 Spectral emissive power based on a peak value at constant CA
calibration as a function of crank angle at the filter wavelength of
700 nm for condition 4. . . . . . . . . . . . . . . . . . . . . . . . . 83
5.16 Calibration constants using peak voltage values at constant CA as
a function of time for condition 1. . . . . . . . . . . . . . . . . . . 84
5.17 Calibration constants using peak voltage values at constant CA as
a function of time for condition 2. . . . . . . . . . . . . . . . . . . 84
5.18 Calibration constants using peak voltage values at constant CA as
a function of time for condition 3. . . . . . . . . . . . . . . . . . . 85
5.19 Calibration constants using peak voltage values at constant CA as
a function of time for condition 4. . . . . . . . . . . . . . . . . . . 85
5.20 Apparent flame temperature results as a function of crank angle
for condition 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.21 Apparent flame temperature results as a function of crank angle
for condition 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
5.22 Apparent flame temperature results as a function of crank angle
for condition 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.23 Apparent flame temperature results as a function of crank angle
for condition 4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.24 KL results as a function of crank angle for condition 1. . . . . . . 91
5.25 KL results as a function of crank angle for condition 2. . . . . . . 91
LIST OF FIGURES xvii
5.26 KL results as a function of crank angle for condition 3. . . . . . . 92
5.27 KL results as a function of crank angle for condition 4. . . . . . . 92
5.28 Radiation heat flux as a function of crank angle for condition 1. . 94
5.29 Radiation heat flux as a function of crank angle for condition 2. . 95
5.30 Radiation heat flux as a function of crank angle for condition 3. . 95
5.31 Radiation heat flux as a function of crank angle for condition 4. . 96
6.1 Heat flux gauge with soot layer arrangement considered for the
present analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.2 Illustration of temperature variations at the soot surface and the
soot interface with thermocouple for heat flux steps imposed at the
soot surface. Soot layer thickness a = 50µm. Note the different
magnitudes for applied heat flux step at the surface that have been
used to more clearly display the two temperature histories on the
same graph. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.3 Illustration of the inferred heat flux for the case of a = 50µm thick
soot layer and a time shift scaling factor of C = 0.1. . . . . . . . . 103
6.4 Rise times for the inferred heat flux results for a step in surface heat
flux for a range of soot layer thicknesses between 20 and 200µm as a
function of the time shift scaling factor (as defined in Equation (6.6)).104
6.5 Overshoot error for the inferred heat flux results for a step in sur-
face heat flux and for a range of soot layer thicknesses between 20
and 200µm as a function of the time shift scaling factor (as defined
in Equation (6.6)). . . . . . . . . . . . . . . . . . . . . . . . . . . 104
LIST OF FIGURES xviii
6.6 RMS error in the inferred heat flux for a periodic surface heat flux
at 100 Hz and for a range of soot layer thicknesses between 20 and
200µm as a function of the time shift scaling factor (as defined in
Equation (6.6)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.7 Illustration of method used to deduce effective soot layer thick-
ness for period 1, condition 3. Heat flux produced with 17µm
soot layer thickness matches the heat flux during cold motored at
compression process before the start of injection. . . . . . . . . . 106
6.8 Ensemble-averaged heat flux results for condition 1. . . . . . . . . 107
6.9 Ensemble-averaged heat flux results for condition 3. . . . . . . . . 108
6.10 Ensemble-averaged heat flux results for condition 4. . . . . . . . . 108
6.11 Convective heat flux and pressure for condition 1 at period 2. . . 109
6.12 Convective heat flux and pressure for condition 3 at period 2. . . 110
6.13 Convective heat flux and pressure for condition 4 at period 2. . . 110
6.14 Convective and radiation heat flux for condition 1. . . . . . . . . . 113
6.15 Convective and radiation heat flux for condition 3. . . . . . . . . . 113
6.16 Convective and radiation heat flux for condition 4. . . . . . . . . . 114
7.1 Ratio of radiation heat flux to total heat flux as a function of
diesel engine size when the radiation is received from the surface
of the flame (m = 0) and when radiation is received from the flame
volume (m = 1) for n = 0.8. . . . . . . . . . . . . . . . . . . . . . 120
LIST OF FIGURES xix
7.2 Cycle average radiation heat flux as a function of indicated power
per unit piston area. The least-squares straight line fitted to the
data and forced to pass through the origin has a slope of 0.0229
and R2 = 0.70. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.3 Peak radiation heat flux as a function of indicated power per unit
piston area. The least-squares straight line fitted to the data and
forced to pass through the origin has a slope of 0.698 with R2 =
−0.06 whereas the power-law curve has a coefficient C = 0.717
and an index m = 0.828 with R2 = 0.27. . . . . . . . . . . . . . . 123
7.4 Simulation results for the time-averaged radiation heat flux as a
function of indicated power per unit piston area with comparison
to experimental results. . . . . . . . . . . . . . . . . . . . . . . . . 127
7.5 Simulation results for the peak radiation heat flux as a function
of indicated power per unit piston area with comparison to exper-
imental results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
List of Tables
3.1 Values of KLave and KLmax from different diesel engines and oper-
ating conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.1 Yanmar L48AE Engine Parameters. . . . . . . . . . . . . . . . . . 48
4.2 Diesel fuel properties (Donghwa-Saybolt Korea Co. Ltd.). . . . . . 50
4.3 Dynamometer hardware details . . . . . . . . . . . . . . . . . . . 52
4.4 Thermal properties of chromel and constantan. . . . . . . . . . . . 61
4.5 Thermocouple emf calibration. . . . . . . . . . . . . . . . . . . . . 62
4.6 Engine operating conditions . . . . . . . . . . . . . . . . . . . . . 63
5.1 Summary of KL and radiation heat flux results. . . . . . . . . . . 90
6.1 Thermal properties of the soot and thermocouple materials . . . . 100
6.2 Results of soot layer thickness deduction . . . . . . . . . . . . . . 111
6.3 Selected information on previous experiments reporting peak con-
vective heat flux values. . . . . . . . . . . . . . . . . . . . . . . . 112
LIST OF TABLES xxi
6.4 Ratios of radiation heat flux to convective heat flux. . . . . . . . 112
7.1 Experimental parameters for selected instantaneous radiation heat
transfer works. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
A.1 Experimental parameters for selected instantaneous radiation heat
transfer works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
A.2 Selected data presented by Flynn [6]. . . . . . . . . . . . . . . . . 144
A.3 Calculated results based on data available from Flynn et al. [6]. . 145
A.4 Calculated ratios based on data available from Flynn et al. [6]. . . 146
A.5 Selected data presented by Struwe [7]. . . . . . . . . . . . . . . . 147
A.6 Calculated results based on data available from Struwe [7]. . . . . 148
A.7 Calculated ratios based on data available from Struwe [7]. . . . . 149
A.8 Selected data presented by Yan [8]. . . . . . . . . . . . . . . . . . 150
A.9 Calculated results based on data available from Yan. [8]. . . . . . 151
A.10 Calculated ratios based on data available from Yan. [8]. . . . . . . 152
A.11 Selected data from Qiong et al. [9]. . . . . . . . . . . . . . . . . . 152
A.12 Calculated results based on data available from Qiong et al. [9]. . 152
A.13 Calculated ratios based on data available from Qiong et al. [9]. . . 153
A.14 Selected data obtained during radiation measurements of this study154
A.15 Calculated ratios obtained from this study. . . . . . . . . . . . . . 155
List of Acronyms
ATDC After Top Dead Centre
BMEP Brake Mean Effective Pressure
BP Brake Power
BTDC Before Top Dead Centre
CA Crank Angle
CFD Computational Fluid Dynamic
CIPR Combustion Induced Pressure Rise
DAQ Data Acquisition System
DI Direct Injection
IC Internal Combustion
IP Indicated Power
IRIS An Internal combustion engine simulation code
IMEP Indicated Mean Effective Pressure
KL KL Factor
LDV Light Duty Vehicle
LHR Low Heat Rejection
NA Not Available
LIST OF TABLES xxiii
RPM Revolution Per Minute
RHF Radiation Heat Flux
RHT Radiation Heat Transfer
TDC Top Dead Centre
USQ University of Southern Queensland
